Austenite grain growth behavior and its effects on fracture splitting performance for the steel 36MnVS4 connecting rod are investigated comprehensively by fracture morphology and microstructure analysis. The results show that the fine prior austenite grain causes the unilateral spalling fracture surfaces at the big end bore of the waster connecting rod product. Besides, the austenite grain coarsening temperature with a holding time of 1 h is 1000 
Introduction
As an innovative processing technique, fracture splitting technology of connecting rod appeared in the 1990s in Germany and the United States. The body and cap of connecting rod are brittly fractured and then assembled. It has been developed rapidly in recent years because of the advantages of high assembly precision, strong carrying capacity, saving processing procedure and reducing cost. The prior austenite grain size plays an important role in the fracture splitting performance. The uneven and spalling fracture surfaces are beneficial to appear in the process of splitting due to the excessively fine grain, which is detrimental to the assembly precision. Therefore, on the premise of ensuring application performance, the prior austenitic grains should be as coarse as possible for fracture splitting connecting rod [1, 2] . The growth of austenite grain is affected by alloying elements, heating temperature and holding time [3, 4] . 36MnVS4 steel is a new type of air-cooled forging medium carbon steel which is suitable for the fracture splitting connecting rod of an automobile engine in recent years [5, 6] . There are few types of research concerning the effect of the *Corresponding author: tel.: +86-010-62333174; e-mail address: lyzh@ustb.edu.cn austenite grain on the fracture splitting performance for the steel 36MnVS4 connecting rod. Hence, it is necessary to study the austenite grain growth behavior in high temperature, which is of great significance to the control of its microstructure and properties.
In this paper, austenite grain growth behavior and its effects on the fracture splitting performance for the steel 36MnVS4 connecting rod were studied. The major cause of spalling fracture surfaces for fracture splitting connecting rod was analyzed. Besides, the effect mechanism of heating temperature and holding time on austenite grain growth was discussed. Moreover, a growth model of austenite grain was established. It is believed that data thus obtained would promote the application of air-cooled forging steel and fracture splitting technology in automobile manufacturing.
Existing problems and experimental procedures

Existing problems
A waster connecting rod product of steel 36MnVS4 owing to unilateral spalling fracture surfaces at the big end bore as shown in Fig. 1 was analyzed by fracture morphology and microstructure. The manufacturing process of fracture splitting connecting rod is as follows: ø 50 mm bar cutting → induction reheating → cross wedge rolling → die forging → trimming and punching → hot-bend correction → control cooling → shot blasting → flaw detection → machining → fracture splitting → finish machining. Fracture morphol- ogy was analyzed by a JSM-6480LV scanning electron microscope (SEM). The microstructure was observed by Zeiss Axio Scope A1 optical microscope. SEM micrographs of the fracture splitting surface are shown in Fig. 2 . It can be seen from the figures that the fracture surface of the qualified side is even and complete cleavage fracture at the micro level. However, except for the general cleavage fracture, the fracture surface of the spalling fracture side is very uneven and has a multitude of ductile fracture steps.
Optical micrograph of the microstructure at the big end bore is shown in Fig. 3 . The microstructure examination revealed the presence of a certain volume of pearlite and equiaxed proeutectoid ferrite. Furthermore, it can be seen from the figures that the sizes of ferrite grains and pearlite colonies of the qualified side are all larger than those of the spalling fracture side. Hence, the austenite grain of the qualified side is coarser than that of the spalling fracture side due to the heredity in the microstructure.
From the fracture morphology and the microstructure results and analysis above, the major cause for the waster connecting rod product is the fine prior austenite grain at the big end bore, which is produced during both the connecting rod manufacturing process and the steel hot-rolling process. However, austenite grain size is related to heating temperature and holding time. Consequently, different thermal cycles were carried out to investigate the effects of heating temperature and holding time on the austenite grain growth behavior of the steel 36MnVS4.
Experimental procedures
The tested steel was obtained from a commercial hot-rolled bar of 50 mm in diameter, whose original microstructure was ferrite and pearlite. The alloy com-
The specimens were cut from 1/2 radius of the distance center on the cross-section of the bar with 13 mm × 13 mm × 15 mm. They were austenitized in a box type SX-G04133 electric furnace, and the heating conditions are shown in Table 1 . After heating, the specimens were quenched in water immediately. Those quenched specimens were cut apart from the center, and then mechanically ground, polished and etched with a saturated aqueous picric acid solution containing a few drops of detergent for about 2 min at 50-60
• C for the determination of the prior austenite grain sizes. The austenite grains choosing 5 visual fields in every specimen were observed on ZEISS Scope.A1 microscope. The grain size of austenite was measured by using the linear intercept method through Nano Measurer image software, counting more than 400 grains for each specimen to ensure the measurement accuracy, and choosing the mean chord length of austenite grain as a measure of austenite grain size. Besides, the microstructures of those quenched specimens were observed on Quanta FEG 450 thermal field emission environmental scanning electron microscope after mechanically ground, polished and etched with 4% nitric acid alcohol.
Results and discussion
3.1. Effect of heating temperature on the growth of austenite grain Figure 4 shows the morphology of austenite grain in 36MnVS4 steel at different heating temperatures and a holding time of 1 h. As seen from Fig. 4 , when the heating temperature is 950
• C, the austenite grains are fine and uniform, and the grain boundary is bending. The austenite grains become extremely inhomogeneous, and a certain amount of coarse grains are present at a temperature of 1000
• C. Also, when the heating temperature rises to 1050
• C, the austenite grains grow and become uniform again. The grain boundaries reduce and become flat with the increase of the heating temperature being close to an angle of 120
• . The relative standard deviation can be used to measure the deviation of the single test results from the average value. Thus, the uniformity of austenite grain at different heating temperatures can be expressed by the ratio of the standard deviation and the arithmetic mean of the calculation result (i.e., the relative standard deviation) as shown in Fig. 5 . As seen from Fig. 5 , at a temperature of 1000
• C, the relative standard deviation of the austenite grain size is the largest, that is, the inhomogeneity of austenite grain increases suddenly at this temperature. Figure 6 demonstrates the curve of average austenite grain size in 36MnVS4 steel at different heating temperatures. As seen from • C. The precipitates have pinning effect on the austenite grain boundary, which prevents the migration of austenite grain boundary and hinders the growth of austenite grain [7] [8] [9] . However, most of the precipitates dissolve due to the atomic activity increasing with the increase of heating temperature, which is helpful for the big grain to merge the small one. Thus, the austenite grains grow up slowly below 1000
• C and rapidly above 1000 Figure 8 shows the morphology of austenite grain in 36MnVS4 steel at different holding times and a temperature of 1200
Effect of holding time on the growth of austenite grain
• C. As seen from Fig. 8 , many fine austenite grains exist at a holding time of 2-4 h, while the austenite grains become inhomogeneous and coarse grains become larger at a holding time of 4 h. Besides the austenite grains grow up and become uniform with the fine grains decreasing rapidly at a holding time of 6 h, and the morphology of austenite grains tends to stable polygon structure. Figure 9 demonstrates the curves of average austenite grain size in 36MnVS4 steel at different holding times and temperatures from 900 to 1250
• C. As seen from Fig. 9 , the growth rate of austenite grain above coarsening temperature is faster than that be- low coarsening temperature with the prolongation of holding time at the same temperature. For example, the austenite grains increase from 7.1 to 7.5 µm at 900
• C and from 46.9 to 49.6 µm at 1100
• C with the prolongation of holding time from 0.5 to 4 h, respectively. This is probably caused by the decrease of pin- ning effect and migration resistance of austenite grain boundary due to a large amount of precipitates containing vanadium dissolved above 1000
• C. Also, the austenite grains increase in parabolic law with a holding time from 4 to 10 h at 1200
• C and from 0.5 to 4 h at 1250
• C, and the longer the holding time, the more stable the austenite grain is. Therefore, combined with Figs. 5 and 6, it is known that the austenite grain coarsening time [10] at a temperature of 1200
• C in 36MnVS4 steel is 4 h, and that of 1250
• C is less than 0.5 h. The austenite grain coarsening time decreases with the increase of heating temperature. Figure 10 shows the microstructures of 36MnVS4 steel at different holding times and a temperature of 1200
• C. As seen from Fig. 10 , there are some precipitates which are undissolved carbonitrides composite vanadium and titanium in the microstructure at a holding time of 2 h, while the sizes and quantities of precipitates are markedly decreased when the holding time prolongated to 6 h. These particles play a role in pinning the austenite grain boundary and hinder the growth of austenite grain. Thus, the austenite grains grow up slowly below 4 h and rapidly above 4 h owing to most of the precipitates dissolved with the prolongation of holding time. Furthermore, the sizes and quantities of precipitates had no obvious changes at holding times from 6 to 10 h being consistent with the results presented by Baker et al. [11] , so that the precipitates play only a minor role in the austenite grain growth in parabolic law for enough holding time. The austenite grains have been adequately grown up, and the driving force of grain growth is weakened for an ample holding time. Consequently, the growth rate of austenite grain decreases gradually above coarsening time, and finally, the grain sizes tend to be stable. Additionally, as seen in Figs. 6 and 9, it is concluded that effect of the holding time on the growth of austenite grain is slighter than that of the heating temperature. It is because the grain growth rate does not increase with the prolongation of holding time at a certain heating temperature after a sharp increase and finally stops to a certain size.
The growth model of austenite grain
The growth of austenite grain is a physical metallurgy process, which is a kind of interaction of thermal activation, diffusion and interface reaction, and it is mainly manifested as the migration of grain boundaries. After the austenitization of steel during the heating process, the grain boundary of austenite grain migrates under the action of grain growth driving force, which leads to the growth of the grain. Both the total grain boundary area and the free energy of the system decrease with the increase of the average grain size. Thus, the growth of the grain is a spontaneous process, growing up with the increase of temperature or holding time. The growth of austenite grain can be expressed by Arrhenius model [12] [13] [14] with Eq. (1):
where D is the average austenite grain size (µm), A is the material constant, t is the holding time (s), n is the grain growth index, Q is the activation energy for grain growth (J mol −1 ), R is the gas constant (8.314 J mol
, T is the absolute heating temperature (K).
As seen from Figs. 4 and 6, the austenite grain size gradually increases with the increase of heating temperature and holding time at a temperature from 800 to 1250
• C of 36MnVS4 steel. Therefore, the relationship between grain size, heating temperature and holding time in the range of 800-1250
• C is fitted. The Eq. (2) is obtained by the logarithm on both sides of Eq. (1):
According to Eq. (2), the relationship between ln D and ln t is fitted at a constant temperature as shown in Fig. 11 . The grain growth index n is a quota to describe the growth rate of grain in the process of isothermal austenite. It can be obtained by the curve of ln D-ln t. The bigger the n value, the faster the grain grows. As seen from it is about 0.104 above coarsening temperature (1100, 1150, 1200 and 1250
• C). The growth rate above coarsening temperature is faster than that below coarsening temperature in the process of isothermal austenite because the grain growth index above coarsening temperature is bigger than that below coarsening temperature, which is consistent with the experimental results shown in Fig. 6 .
The relationship between ln D and T −1 is fitted at a constant holding time (1 h). The activation energy for grain growth Q can be obtained by the curve of ln D-T −1 . Hsun Hu and Rath [15] pointed out that the Q value may change with the temperature when the n value is changed. Thus, the curve of ln
is fitted respectively by the data of below and above coarsening temperature as shown in Fig. 12 . 
Conclusions
The following conclusions can be drawn from the present investigation on the austenite grain growth behavior and its effects on the air-cooled forging steel 36MnVS4 for automobile engine connecting rod.
(1) The major cause of spalling fracture surfaces for fracture splitting connecting rod is the fine prior austenite grain at the big end bore, which is produced during both the connecting rod manufacturing process and the steel hot-rolling process.
(2) The austenite grain coarsening temperature with a holding time of 1 h is 1000
• C. The austenite grains grow up slowly below 1000
• C due to the pinning effect of V particles precipitated during the heating process.
(3) The austenite grain coarsening time is 4 h at a temperature of 1200
• C and decreases with the increase of heating temperature. The austenite grains grow up slowly below 4 h at 1200
• C due to the pinning effect of composite V and Ti particles precipitated during the process of heat preservation. Also, the relationship between austenite grain size and holding time above coarsening time follows a parabolic law. 
